In a toroidal configuration of the Tokamak or Stellarator type, two fundamental objectives have to be reached, the confinement, and the heating of a dense and hot plasma during a time interval τE, so as to satisfy the condition: nr ≥ 101 4 requi red by the Lawson criterion to reach the D,T thermonuclear region.
In Tokamaks and, in part, in Stellerators, the induced toroidal current not only provides for plasma confinement and equilibrium, but also supplies energy through ohmic heating directly to the electrons and indirectly to the ions by electron-ion collisions.
It is universally admitted that this energy source is effective in raising the electron and ion temperatures to a few keV. Nevertheless, this collisional energy transfer is insufficient to heat the plasma of a future toroidal reactor to ignition temperatures. Conse quently, considerable attention has to be given to the question of supple mentary heating schemes which can raise the temperature reached by ohmic heating to the ignition tempe rature. As a result, for some years now, supplementary heating has begun to occupy the centre of the fusion pro gramme.
In big Tokamaks like JET, T.F.T.R., T20 and JT 60 where significant thermo nuclear energy production is expec ted, the additional power needed lies between 20 and 100 M W depending on the value of nτE which in its turn depends on the loss mechanism that is considered to be the most impor tant : Bohm, pseudo-classical, trapped electron or trapped ion instabilities. It is however clear that in a first phase, the injected power will be smaller, of the order of 10 M W and with a long pulse (~10s). Notice that this is already a big jump when com pared with the powers we are injec ting now which are of the order of a few hundred kW during a time 10 to 100 ms.
Presently, the two main supplemen tary heating methods are neutral beam injection and radio frequency (RF) heating processes, based respectively on particle-particle collisions and wa ve-particle interactions. Of these, radio frequency wave-plasma interactions are very attractive, covering as they do a large variety of frequency depen dent mechanisms for the absorption by a plasma of the energy carried by a wave.
As appears in Fig. 1 , there exist various domains of interest, subdivi ded according to decreasing wave lengths into three classes : low, high, and very high frequencies.
From the coupling view-point, the low frequency group utilizes loops, which can be put outside the plasma vessel (Toroidal Drift Magnetic Pum ping) or inside, (as for Transit Time Magnetic Pumping, Alfen Waves Re sonant Heating and Ion Cyclotron Resonant Heating). In the second and third groups (the high and very high frequencies) the waves are launched by guides. We must remark that for high toroidal magnetic field systems B ≥ 5T and for large Tokamaks, 2r ≥3m, I.C.R. waves can also be launched by ridge or loaded guides.
The possibility of using external coils in the case of very low frequency heating as in T.D.M.P., or of launching The coupling coils may be the same coils used for the generation of the vertical magnetic field necessary for the plasma equilibrium. The electro magnetic energy carried by the exci ted waves is absorbed by Landau-like damping, if ω 0 > v, where v is the col lision frequency for the energy ex change of the resonant ions. The space averaged power, absor bed by the ions of the plasma is pro portional to (nTi)2 and to the square of the relative plasma displacement. This means that heating is more effec tive in dense and hot plasmas. The optimum frequency heating in the case of the JET parameters (Ti = 3 keV, Ro = 3m, B = 3 Tesla, b, the vertical extension of the plasma = 1.2 m , b/a = 1.6) is around 1 khz.
Cannobio also showed that by ex ploiting the existence within the plas ma of the M .H.D. resonant surfaces, T.T.M.P. can be produced at similar low frequencies, but with much higher heating efficiency.
At the other end of the frequency spectrum E.C.R.H. has also very at tractive features. This heating scheme requires the realization of a powerful millimetric source (the gyroklystron) now in development. Although preli minary experiments with 28 GHz 200 kW CW will be undertaken in 1978 at Oak Ridge, a full scale realistic test at a frequency near to 101 1 Hz (B (toroi dal) ~ 4 T, ne ~ 1014 cm-3) will be possible only after 1980.
The two physical mechanisms of wave energy absorption involved are well known. One is the collisionless damping of microwaves propagating at a frequency near the electron cy clotron frequency, and the other one is the linear conversion of electro magnetic wave energy into longitudi nal waves near the upper hybrid re sonance.
In an inhomogeneous plasma, the penetration of the wave to the reso nant region through the external eva nescent layer, requires the launching of the wave from the higher magnetic field side of the torus. The wave which has reached the resonance region, looses its energy by resonance or by Landau damping. In the resonance region, the electrons gain energy from the RF field through a stochastic pro cess. The microwave power which is absorbed, is proportional to nefRFTe-1 /2 The absorption length is very short, so that for example in a plasma of Te = 10 keV, ne = 1014 cm -3, f = 1.2 x 1011, this distance is of the order of mm, and consequently the microwave energy is absorbed in a single transit through the plasma.
This heating scheme has been tested with success at low magnetic field and low microwave power in mirror field configurations (CIRCE ex periment at Grenoble and INTEREM at Oak-Ridge) and in Toroidal confi gurations (ELMO BUMBY TORUS at Oak-Ridge, TM3 Tokamak at Kurcha tov). Experiments on large Tokamaks re quire powerful millimetric microwave generators, the development of which has been undertaken simultaneously in the U.S.S.R. (Prof. Gaponov Group at Gorki) and in the U.S. (the Varian Co. at Palo-Alto). When high power at higher frequencies becomes avail able after 1980, it will then be pos sible to shape the electron tempera ture, to control the genesis of the discharge in Tokamaks and to operate a Stellerator without ohmic current.
Three Operational RF Heating Schemes
While the two previously mentioned RF methods are still speculative, Tran sit Time Magnetic Pumping (T.T.M.P.), Ion Cyclotron Resonance Heating (I.C.R.H.) and Lower Hybrid Resonant Heating (L.H.R.H.) have reached, du ring these past few years, theoretically and experimentally a high degree of credibility.
T.T.M.P.
In this heating scheme, in the form tested up to now, the main toroidal magnetic field is modulated in space and time by currents circulating in antiphase in RF coils (Fig. 3) uniformly distributed along the torus. The electromagnetic energy is trans ferred to the ions of the plasma if the thermal velocity of the ion is equal to the phase velocity of the wave. Here again the physical mechanism is of the Landau damping type. In large devices, the RF coils will have to be inside the metallic toroidal vessel. In spite of this disadvantage, this heating scheme is particularly in teresting for large devices and for thermonuclear plasma. The heating is volumic and the electromagnetic energy is transferred first to the pa rallel component of the ion velocity, the electrons being heated by colli sion. Because of the uniform heating, the required density of energy is suffi ciently low to avoid instabilities.
Collisions are needed for main taining the Maxwellian shape of the velocity distribution function. The most interesting regime is the linear, for which the heating rate is propor tional to ni b2 Ti 3 / 2 It can be seen from this relationship, that the efficiency of this method, contrary to any other heating, including neutral beam injec tion, improves with the increasing thermal content of the plasma. If applied to a large device such as JET, a modulation ratio of the RF to the toroidal field of 2 % o and a power level of a few tens of M W will be sufficient to reach the ignition temperature.
The feasibility of this heating scheme (VIIIth European Conference, Prague 1977) has been demonstrated experimentally on the Tokamak PETULA (Grenoble Laboratory). The initial ion temperature of a plasma of mean density 2 x 101 3 cm-3 has been increased according to the theoretical law, without perturbing the plasma equilibrium, the energy distribution function, and the loop voltage. The ion temperature increase was measured by charge exchange and Doppler broadening of OVII line. No fast ions and impurities influx nor pumpout have been observed as in the previous experiments done in low density plas mas in Stellarator configuration.
The experimental results obtained allow us to consider this method as a cheap possible solution for large devices. Nevertheless, tests with in ternal coils on an intermediate size machine (r = 0.5 m, R = 1.5 m, IT = 0. 5 M A, B ~ 2 T, ne = 5x101 3 cm -3 (T i ) = 1 keV) is needed to reach the required reliability for a machine of the reactor size. The internal coils will have to be protected with the same material as the first wall.
I.C.R.H.
The fast magnetosonic wave in deu terium and the ion hybrid resonance in both isotopes are two other promi sing approaches in the domain of I.C.R.H. In present devices in this frequency range, the coupling of the wave is facilitated by the existence of cavity eigenmode in the plasma loaded toroidal chamber, which allows efficient heating of the plasma. In lar ge devices, the toroidal cavity beco mes highly oversized so that the modes are so dense that their selec tion might be impossible. The cou pling of RF energy to the fast toroidal eigenmodes is obtained generally by loops or by special wave guides.
The efficiency, the coupling, the mode tracking and the plasma heating have recently (1972) (1973) (1974) (1975) (1976) (1977) For the energetic ions of this tail, strong neutral influx is observed, which serves to incease the rate of energy exchange between ions and electrons. Disruptive instabilities trig gered in ST, ATC, T4 are probably due to the impurity influx and not to the RF pulse. This influx can be attributed to wall bombardment, or to an uncon trolled displacement of the discharge, or to other, presently unknown, causes. The threshold for these insta bilities was, 50 kW on T4, 100 kW on ST, more than 140 kW on ATC.
In large devices, the density of toroidal eigenmodes in the frequency domain imposes mode selection and needs mode tracking. It seems thus impossible to extrapolate present experiments on fast wave mode phy sics to fusion devices without interme diate steps. Experiments planned on large machines such as TFR 600, PLT, JET, will provide the appropriate con ditions for the next steps.
L.H.R.H.
In the lower hybrid wave heating scheme, the waves are launched by wave guides, called the "grill", and propagate nearly perpendicular to the toroidal magnetic field in the plasma density gradient. In the region where the density corresponds to the lower hybrid frequency, the wave exhibits resonance and the fields become very large. The grill is a simple and elegant solution proposed first by P. Lallia and consists of an array of 2, 4 or more guides mounted with their small side parallel to the toroidal magnetic field. The phasing between the single ele ments of the grill is adjustable, so as to excite in the toroidal vessel a retar ded wave. By means of suitable size and phase choice, the electrons or the ions can be heated.
An excellent experimental verifica tion of Brambilla's grill theory has been obtained on the Princeton linear device H1 with 2-and 4-guide arrays and with a 2-guide grill on the PETULA Tokamak at the Grenoble Laboratory. The behaviour of the coupling system was, as predicted by the theory, de termined by the plasma parameters near the antenna. A reflection coeffi cient of 99 % has been obtained when the grill was well matched.
Ion heating has been observed on the Tokamak ATC (at Princeton), FTI Duties of the new professor will include teaching and research in applied physics, with emphasis on applied physics of metals. The successful applicant will have several years of relevant ex perience and proven ability to perform and direct research. He is expected to teach at both undergraduate and graduate levels and to cooperate with his colleagues in the department. Fig. 4 , and Doppler broadening of OVII, CV, and CIV lines along the direction of the toroidal ma gnetic field demonstrate without doubt that the ions of the plasma bulk, near to the discharge axis are heated. The location of these lines in the plasma are deduced from the electron tem perature measurement by Thomson scattering, Fig. 5 . Their evolution proves that the RF energy is first de posited in the bulk, which is later cooled by the impurities coming from the walls. The perpendicular ion energy distribution has again an ener getic tail, which does not produce dis ruptive discharge as in the case of I.C.R.H. Further experiments at higher power are needed to extend the scaling law of this heating process.
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Future of RF heating
On the basis of the present experi mental situation, L.H.R.H., T.T.M.P. and finally I.C.R.H. are three leading can didates for providing the additional heating needed for a large thermo nuclear device. Yet, due partly to the simpler physical mechanisms invol ved, successful preliminary tests and historical reasons, world effort in ad ditional heating is concentrating on neutral beam injection. This solution requires however, an important source development and two questions re main still open : the efficiency and the tolerance of the neutral beam source to an intense neutron flux coming from the reactor.
The situation is more favourable in the case of an RF heating scheme. Indeed the development required for a 50-100 M W emitter at low (f < 60 M Hz) and medium (f < 3 GHz) fre quencies is very moderate compared to the work required for neutral beam injection. Efficiency is higher and in contrast to a neutral beam source, an RF emitter can be put very far from the neutron flux, and the wave trans mitted and launched with an RF line, coupled to the plasma preferably by external coils or by wave guides.
It is hoped that as further progress is made on RF heating, it will receive a bigger share of attention in future programmes. The production of narrow and frequency-stable resonances in ab sorption or emission spectra of subs tances over various ranges of electro magnetic radiation has always been an important problem in physics. Every discovery in this direction in creases the accuracy of physical experiments and finds wide use in various fields of science and techno logy. Let us recall the two classical examples.
In the 1940s and 1950s, a tech nique was evolved of producing narrow resonances in the microwave frequency range using atomic and molecular beams. For example, Ram sey, using two separated electro magnetic fields interacting with a beam of Cs atoms at the transition between the hfs levels of the ground state, was able to obtain resonances with the width Δv/v0 = 5.1 O -9, in other words, with a "quality" (resolution) of resonance R = vo/Δv = 2.108. Narrow microwave resonance has formed the basis for quantum frequency stan dards and the universally adopted atomic time scale (atomic clocks).
Extremely narrow resonances in a higher-frequency region of the spec trum were detected at nuclear transi tions by M össbauer. For instance, at a 7-transition with the energy of 93 keV in 67Zn it is possible to obtain a resonance with the resolution of 2.1015. Narrow resonance of nuclear transitions without recoil in a crystal lattice now ensure the highest reso lution in physical experiments, of the order of 1015.
In the intermediate (optical) spec tral region, the relative resonance width until recently was no better than 10-6 because of Doppler broadening of spectral lines. The discovery of the subtle effects of resonant non linear interaction between the cohe rent light field and atomic or mole cular gases described in this article, has allowed the relative widths of optical resonances to be narrowed by factors of 10-4 to 10-6. This has given impetus to the development of
